Abstract. The clinical significance of the sodium-potassium ATPase regulator FXYD domain-containing ion transport regulator 3 (FXYD3) has been demonstrated in a number of types of cancer. However, the role of this protein in human hepatocellular carcinoma (HCC) remains to be elucidated. In the present study, 217 HCC tissue samples were analyzed to evaluate the expression and prognostic significance of FXYD3 in HCC. Reverse transcription-quantitative polymerase chain reaction was used to analyze the mRNA expression of FXYD3 in 80 primary HCC specimens and paired non-cancerous liver tissue samples, while western blotting was used to analyze the protein expression level of FXYD3 in another 24 pairs. These analyses demonstrated that the expression level of FXYD3 was significantly increasedb at the mRNA and protein levels in HCC tumor tissues compared with adjacent non-cancerous tissues. Immunohistochemical analysis of 137 paraffin-embedded HCC tissue samples indicated that the expression of FXYD3 was associated with HCC clinicopathological characteristics. Kaplan-Meier analysis demonstrated that patients with high FXYD3 protein expression (n=60) experienced significantly poorer overall survival time compared with patients with low FXYD3 protein expression (n=77) (P<0.001). Multivariate analysis demonstrated that FYXD3 protein expression level (hazard ratio, 2.137; 95% confidence interval, 1.224-3.732; P=0.008) was an independent prognostic factor in patients with HCC. Overall, the results indicated that FXYD3 expression levels were higher in HCC tumor tissues than in adjacent non-cancerous tissues, and that the FXYD3 protein may serve as a prognostic marker for HCC.
Introduction
Hepatocellular carcinoma (HCC) is the 6th most common type of primary malignant neoplasm and the third leading cause of cancer-associated mortality worldwide. The morbidity and mortality rates of the disease increase annually (1) (2) (3) . HCC forms heterogeneous tumors and its development is driven by numerous factors. Chronic hepatitis B virus (HBV) infection and HBV-associated cirrhosis account for the majority of cases of HCC, which constitutes 70-90% of liver cancer cases according to histological examination (4) . The efficacies of existing key HCC therapies, including hepatectomy, percutaneous ethanol injection, radio frequency ablation and liver transplantation, have improved in recent years. However, the disease often progresses or recurs despite appropriate treatment regimes, and the overall survival (OS) of HCC patients remains poor (5) . Therefore, novel molecular markers that contribute to the development of effective treatment strategies and the improved prognosis of patients with HCC are urgently required.
F XY D domain-containing ion transpor t regulator 3 (FXYD3), also known as mammary tumor 8, belongs to the FXYD protein family and is localized in the cell membrane and cytoplasm. It has been reported that FXYD3 acts as a regulator of sodium-potassium (Na + -K + ) ATPase (6, 7) . One study demonstrated that this integral cell membrane protein was differentially expressed between tumor cells and normal cells, regulated cell proliferation, cell apoptosis and tumor metastasis, influenced the cell cycle, and participated in tumor angiogenesis and progression (8) . However, the association between the expression of FXYD3 and tumor occurrence and development remains poorly understood. FXYD3 is expressed in numerous healthy tissues, including the uterus, stomach, colon and skin (9, 10) . However, FXYD3 expression has also been identified in various types of cancer, including breast cancer (7), prostate cancer (11, 12) , colorectal cancer (CRC) (13) , pancreatic cancer (14-16), esophageal squamous carcinoma (ESCC) (17) , lung cancer (18, 19) and glioma (20) . Furthermore, FXYD3 was demonstrated to be associated with the clinical prognoses of these types of cancer. To the best of our knowledge, the association between FXYD3 expression and HCC prognosis has not been previously evaluated. In the present study, the expression of FXYD3 in HCC tissues was investigated using reverse transcription-quantitative The following inclusion criteria were applied to the present study: Histologically verified primary HCC, no previous adjuvant chemotherapy, no diagnosis of distant metastases prior to surgery and access to complete follow-up data. Patient tissues were excluded from the study when there was evidence of Child-Pugh class B or C liver disease. Postoperative follow-up included regular recurrence and metastasis surveillance testing by measuring patient serum α-fetoprotein levels, abdominal ultrasonography, chest radiography, computed tomography, hepatic angiography and biopsies at 2-4-month intervals. Patients with confirmed disease recurrence received further treatment, including a second surgical resection. The median follow-up time was 43.9 months (range, 1-131 months). A total of 99 mortalities occurred during the follow-up period (45.6%) and 118 patients (54.4%) survived. OS was defined as the time from the date of surgery to the date of mortality from any cause, including HCC. Disease-free survival was defined as the time from the date of surgery to the date of regional relapse or distant metastasis, and was determined among the remaining patients on the date of their last follow-up appointment.
RNA extraction and RT-qPCR. Total RNA was extracted from 80 pairs of HCC tissues and matched non-cancerous liver tissues, using TRIzol solution (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's instructions. RNA concentrations were determined using a NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, Inc.). RNA with an absorbance ratio from 1.8 to 2.0 at 260 and 280 nm was considered as pure. Each cDNA sequence was synthesized from 2 µg total RNA using a RevertAid First Strand cDNA Synthesis kit (Toyobo Life Science, Osaka, Japan). The resulting cDNA was processed by RT-qPCR to determine the relative FXYD3 mRNA expression levels. GAPDH served as an internal control. RT-qPCR was performed in triplicate at a final volume of 10 µl, consisting of 5 µl 2X SYBR Green master mix (Toyobo Life Science), 0.4 µl 20 mmol/l forward primer, 0.4 µl reverse primer, 0.75 µl sample cDNA and 3.45 µl RNase-free water. The reaction mixture was preheated to 95˚C for 10 min, followed by 45 cycles of 95˚C for 30 sec and 60˚C for 60 sec. The following primers were used for RT-qPCR: FXYD3 forward, 5'-GGA CGC CAA TGA CCT AGA AG-3' and reverse, 5'-GGG TGA TGA GAG GTG G AG TC-3'; and GAPDH forward, 5'-GGA GCG AGA TCC CTC CAA AAT-3' and reverse, 5'-GGC TGT TGT CAT ACT TCT CAT GG-3'. The data were analyzed using the quantification cycle (2 -ΔΔCq ) method (21) and the results were averaged and expressed in relative expression units after normalization.
Protein extraction and western blotting.
Western blotting was performed to analyze the FXYD3 protein expression levels in the clinical specimens from patients with HCC and the matched control tissues. Total protein was extracted from the fresh-frozen tissue samples using radioimmunoprecipitation assay lysis buffer (Beyotime Institute for Biotechnology, Haimen, China) according to the manufacturer's instructions. Protein concentrations were determined using a Bicinchoninic Acid medProtein Assay kit (Thermo Fisher Scientific, Inc.). A total of 30 µg protein per sample was separated by 12% SDS-PAGE and electro-transferred onto polyvinylidene fluoride membranes (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). The membranes were blocked in 5% skim milk in Tris-buffered saline-Tween for 60 min at room temperature. Subsequently, the membranes were incubated overnight at 4˚C with a rabbit anti-FXYD3 monoclonal antibody (cat. no. ab205534; dilution 1:1,000; Abcam, Cambridge, UK) (22) and GAPDH (cat. no. 10494-1-AP; dilution 1:5,000; ProteinTech Group, Inc., Chicago, IL, USA). Subsequently, the membranes were incubated with appropriate horseradish peroxidase (HRP)-conjugated anti-rabbit IgG (cat. no. 7074; dilution 1:2,000; Cell Signaling Technology, Inc., Danvers, MA, USA) for 60 min at room temperature. The membranes were washed with TBS with 20% Tween-3 times and peroxidase activity was detected on X-ray films using an enhanced chemiluminescence detection system (Cell Signaling Technology, Inc.). The band intensities were measured by densitometry using Quantity One software v4.6.9 (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The size of the FXYD3 band was consistent with the predicted molecular weight of the FXYD3 protein and was normalized to GAPDH protein levels.
IHC. Paraffin-embedded tissue sections, 4-µm thick, were cut and mounted on glass slides. The samples were subsequently deparaffinized in dimethylbenzene and rehydrated using 100, 95, 90, 80 and 70% ethanol solutions. Endogenous peroxidase activity was blocked using 0.3% hydrogen peroxide at room temperature for 10 min. For antigen retrieval, the slides were boiled in citrate-hydrochloric acid (pH 6.0) (cat. no. ZLI-9065; OriGene Technologies, Inc.) for 20 min in a pressure cooker. Subsequent to washing in PBS, the slides were treated with 5% sheep serum albumin (cat. no. ab7481; Abcam) at room temperature for 15 min to prevent non-specific binding. The tissue sections were then incubated with rabbit anti-FXYD3 (cat. no. ab205534; dilution 1:400; Abcam) overnight at 4˚C. Following the primary antibody incubation, the tissue sections were incubated with an HRP-conjugated secondary antibody (Dako; Agilent Technologies, Inc., Santa Clara, CA, USA) for 30 min at room temperature. The slides were then incubated with 3,3'-diaminobenzidine tetrahydrochloride for 10 min at room temperature, all sections were counterstained with hematoxylin for ~2 min at room temperature. For the negative control, the primary antibody was replaced with rabbit IgG (cat. no. 3900; dilution 1:400; Cell Signaling Technology, Inc.) (data not shown). A positive control was provided by breast cancer tissue samples. The semi-quantitative FXYD3 expression score was calculated as the sum of the score for the proportion of positively stained tumor cells and the score for staining intensity. These scores were determined by two pathologists blinded to the clinical characteristics of the patients. The proportions of positively stained tumor cells were scored as follows: 0, <5% (negative); 1, 5-25% (sporadic); 2, 25-50% (focal); and 3, >50% (diffuse). Staining intensity was graded according to the following scale: 0, no staining; 1, weak staining (light yellow); 2, moderate staining (yellow-brown); and 3, strong staining (brown). The total immunostaining score was calculated by multiplying the proportion of positively stained cells by the staining intensity score, yielding a value ranging from 0-9.
Statistical analysis. Statistical analysis was performed using SPSS 20.0 software (IBM Corp., Armonk, NY, USA). Scatterplots and bar graphs were created using GraphPad Prism version 6.0 (GraphPad Software, Inc., La Jolla, CA, USA). The distributions of the baseline characteristics of the two groups, which were separated according to a cutoff FXYD3 level of 1.285, were compared using χ 2 or Fisher's exact tests. The Kaplan-Meier method and log-rank test were used to plot survival curves and to calculate the difference in survival between the groups. Parameters found to be significant by univariate analysis were further evaluated by multivariate Table I . Clinicopathological data of patients with hepatocellular carcinoma. Cox regression analysis. P<0.05 was considered to indicate a statistically significant difference.
Results
Patients and clinicopathological data. The expression of FXYD3 was analyzed in each tissue sample at the mRNA and protein levels. FXYD3 expression in the 80 pairs of HCC tissues and matched non-cancerous liver tissues was analyzed by RT-qPCR, and 24 pairs were also evaluated by western blotting. Furthermore, 137 paraffin-embedded primary HCC tumor samples were analyzed by IHC analysis.
The associations between patient clinicopathological data and FXYD3 expression levels in patients with HCC are summarized in Table I . χ 2 tests demonstrated that FXYD3 expression levels were significantly different between patients with one vs. multiple tumors (P=0.011).
FXYD3 overexpression in HCC.
RT-qPCR and western blotting were performed to analyze the expression of FXYD3 in HCC and non-cancerous liver tissue samples. This revealed that FXYD3 expression was significantly elevated in the HCC tissues compared with non-tumor tissues at the mRNA and protein levels (Fig. 1). Fig. 1B is a representative image of  3 replicates. The western blots of 5 paired samples (20.8%) showed significant protein expression and the remaining samples (79.2%) did not exhibit visible expression. IHC analysis of 137 HCC tissues was used to assess the function and prognostic significance of FXYD3 in HCC. Positive staining for FXYD3 was indicated by the presence of brown granules in the cell membrane and cytoplasm. The specimens were divided into a high FXYD3 expression group (n=60; 43.8%) and a low FXYD3 expression group (n=77; 56.2%), which exhibited staining ranging from strongly and moderately positive to weakly positive and negative, respectively (Fig. 2) .
Prognostic significance of FXYD3 protein expression in HCC patients. Receiver operating characteristic (ROC) curve analysis was performed to determine the cutoff score for FXYD3 protein expression. The score closest to the point at which maximum sensitivity and specificity were displayed was selected as the cutoff score. The area under the ROC curve was calculated to estimate the power of FXYD3 to predict the OS rate over the entire range of scores. According to the ROC curve analysis results (Fig. 3A) , the cohort was classified into a high expression group and a low expression group to evaluate the prognostic value of the FXYD3 in HCC patients.
The IHC results were used to evaluate the association between HCC clinicopathological parameters and FXYD3 expression. The cutoff score (1.285) generated by ROC curve analysis, was used for classification by high and low FXYD3 expression. Kaplan-Meier analysis and the log-rank test were performed to analyze the association between FXYD3 protein expression and OS. OS time was significantly higher in the group with low FXYD3 expression levels than in the group with high FXYD3 expression levels (P<0.001; Fig. 3B) .
Univariate Cox regression analysis demonstrated that FXYD3 expression (P= 0.001), tumor size (P= 0.007), tumor number (P<0.001) and tumor stage (TNM) (P<0.001) were signi ficant risk factors for OS (Table II) . Multivariate Cox regression analysis indicated that FXYD3 expression (P= 0.008), tumor size (P= 0.027), and tumor number (P<0.001) were independent prognostic factors in patients with HCC (Table II) .
Discussion
The predominant clinical staging system for liver cancer is the Barcelona Clinic Liver Cancer system, which is useful for predicting prognoses and stratifying patients for treatment (23) . A series of predictive biomarkers, including meprin A subunit α, vascular endothelial growth factor and insulin-like growth factor-1, have facilitated improvements in the OS and prognosis for patients with HCC in the early and advanced stages of the disease when used in combination with the aforementioned staging system (24) (25) (26) . The identification of additional novel predictive markers may significantly improve patient clinical outcomes.
A series of studies have reported that FXYD3 is expressed in numerous types of cancer. FXYD3 expression was initially described in breast cancer (7), and subsequently detected in prostate cancer, CRC, pancreatic cancer and ESCC, in which FXYD3 was reported to be significantly upregulated in tumor tissues compared with normal adjacent mucosal tissues (11) (12) (13) (14) (15) (16) (17) . However, in lung cancer and glioma, FXYD3 was demonstrated to be expressed at low levels compared with healthy paracancerous tissues (18) (19) (20) . FXYD3 was originally identified in murine mammary tumors. Morrison and Leder (6) determined that FXYD3 expression was induced by the Neu and Ras genes rather than the c-Myc and Int-2 genes. In human mammary epithelial cells, transforming growth factor-β has been demonstrated to cause downregulation of FXYD3 expression through the zinc finger E-box binding homeobox 1 pathway (27, 28) . In CRC, FXYD3 expression is hypothesized to be associated with p53 expression, as the FXYD3 promoter contains the p53 binding site. Increased CRC cell apoptosis, despite p53 mutations, has been demonstrated to be associated with small interfering FXYD3 (29, 30) . However, there is little knowledge regarding the association between FXYD3 expression and the clinical prognosis of HCC patients.
The Na + -K + ATPase is composed of tetramers of α and β subunits and is located in the plasma membrane. The channel transports three Na + ions out of the cell and two K + ions into the cell to maintain cellular homeostasis (31) . The Na + -K + ATPase has been demonstrated to be associated with cancer initiation, growth, development and metastasis (32) . It has also been demonstrated to function in the p38 mitogen-activated protein kinase/extracellular signal-regulated kinase signaling cascade, Src kinase activity, phosphoinositide 3-kinase/Akt/mechanistic target of rapamycin signaling and the epithelial-mesenchymal transition, all of which are important pathways in tumorigenesis and tumor progression (32) . Furthermore, it has been reported that cardiac steroids (cardiac glycosides), which are potent Na + -K + pump inhibitors, can postpone tumor recurrence and metastasis, prolong survival times and increase survival rates of post-surgical patients with HCC (33) (34) (35) (36) . FXYD3 can function as a β-subunit of the Na + -K + ATPase and modulate certain cell functions. However, FXYD3 can also affect glycosylation of the β-subunit of X, K-ATPase when co-expressed in Xenopus oocytes (33) (34) (35) . Glycosylation is closely associated with tumorigenesis (36, 37) ; however, whether FXYD3-mediated glycosylation of Na + -K + ATPase contributes to HCC growth, invasion and/or metastasis requires investigation in future studies.
FXYD3 expression was examined at the transcriptional and translational levels by RT-qPCR, western blotting and IHC. Using RT-qPCR, it was demonstrated that FXYD3 expression was significantly elevated in HCC tumor tissues compared with that in non-cancerous liver tissues. These results were supported by those achieved through western blotting. It is important to note that microvascular invasion is a key determinant of prognosis in patients with HCC. However, the present study indicated no significant association between FXYD3 expression and microvascular invasion using χ 2 analysis. ROC curve analysis was performed to identify a cutoff value with which to classify patients into high or low FXYD3 expression groups. Using Kaplan-Meier analysis and the log-rank test, it was determined that FXYD3 expression is associated with OS at the protein level (P<0.001) and that high FXYD3 expression was predictive of a poor prognosis in patients with HCC. Univariate and multivariate Cox regression analyses indicated that FXYD3 protein expression level was an independent prognostic factor (P= 0.008) in patients with HCC. However, it is possible that bias may have resulted in group-group differences in survival.
In conclusion, elevated FXYD3 mRNA and protein expression levels are predictive of poor survival. The present study partially clarifies the role of FXYD3 in HCC, however, the precise mechanism underlying the association between the expression of FXYD3 and HCC remains to be elucidated. Further large multicenter studies are required to achieve this.
